Pure hereditary spastic paraplegia is characterized by length-dependent degeneration of the distal ends of long axons. Mutations in spastin are the most common cause of the condition. We set out to investigate the function of spastin using a yeast two-hybrid approach to identify interacting proteins. Using full-length spastin as bait, we identified CHMP1B, a protein associated with the ESCRT (endosomal sorting complex required for transport) -III complex, as a binding partner. Several different approaches confirmed the physiological relevance of the interaction in mammalian cells. Epitope-tagged CHMP1B and spastin showed clear cytoplasmic co-localization in Cos-7 and PC12 cells. CHMP1B and spastin interacted specifically in vitro and in vivo in b-lactamase protein fragment complementation assays, and spastin co-immunoprecipitated with CHMP1B. The interaction was mediated by a region of spastin lying between residues 80 and 196 and containing a microtubule interacting and trafficking domain. Expression of epitope-tagged CHMP1B in mammalian cells prevented the development of the abnormal microtubule phenotype associated with expression of ATPase-defective spastin. These data point to a role for spastin in intracellular membrane traffic events and provide further evidence to support the emerging recognition that defects in intracellular membrane traffic are a significant cause of motor neuron pathology.
INTRODUCTION
The main voluntary motor pathway can be divided into two stages. Firstly, upper motor neurons (UMNs) in the motor cortex of the brain connect via the corticospinal tracts to cells in the grey matter of the spinal cord. Secondly, lower motor neurons (LMNs) in the anterior horn of the spinal cord connect to the skeletal muscles at the neuromuscular junction (1) . The axons of UMNs and LMNs are exceptionally long, with cytoplasmic volumes much greater than that of the cell body. They therefore provide an extreme environment for many cellular processes, such as intracellular trafficking, transport and energy metabolism.
In addition to being anatomically connected, UMNs and LMNs are linked by disease pathology. The most widely recognized disease of motor neurons is amyotrophic lateral sclerosis (motor neuron disease), a usually sporadic condition in which both UMNs and LMNs are affected. In addition, several groups of genetically determined conditions are associated with motor neuron dysfunction. Although individually rare, these conditions offer an opportunity to dissect the cellular processes involved in maintenance and degeneration of motor neurons. The hereditary spastic paraplegias (HSPs) are one such group and their defining clinical characteristic is a progressive spastic paralysis affecting the legs, usually caused by a length-dependent, distal degeneration of the corticospinal tract axons (2 -4) .
Clinically, the HSPs are divided into pure and complex forms, with pure HSPs, where spasticity occurs in relative isolation, forming the single largest subgroup. More than 20 HSP loci have been mapped and 10 of the associated genes have been identified (reviewed in 2). The SPG4 gene, spastin, is the most frequent HSP gene, with mutations found in 40% of autosomal dominant pure HSP families (5, 6) . The fulllength spastin transcript is widely expressed within the nervous system and in non-neuronal tissues, including a range of leukocyte-related cells. It is most strongly expressed in subclasses of neurons (5, 7, 8) . Spastin transcripts lacking either exons 4, 8 or 15 have been found, although only the exon 4-deleted variant is expressed in significant levels (7, 9) .
Data on the subcellular localization of endogenous spastin have been conflicting. Although early immunofluorescence studies using anti-spastin polyclonal antibodies on mouse tissue and interphase HeLa cells suggested that endogenous spastin is localized exclusively in the nucleus (7) , subsequent studies using other polyclonal antibodies have found mixed nuclear and cytoplasmic distributions in HeLa cells (10, 11) , motor neuron cell lines (11) and human nervous system tissues (8) . In human nervous tissues, spastin was located in the cytoplasm and synaptic terminals of several neuronal cell types, including motor neurons, although in other neuronal cell types it was present in the nucleus (8) .
The different subcellular localizations identified for spastin imply that the protein might have several different functional roles, the full range of which is not yet clear. Early sequence analysis placed spastin in the AAA (ATPases associated with diverse cellular activities) family, a large multi-group family of proteins that contain a characteristic ATPase cassette and participate in many different cellular processes (5, 12) . Spastin is a member of AAA subgroup-7 which contains p60 katanin, a microtubule severing protein, and cell-culture and in vivo data suggest that at least one function of spastin involves regulation of microtubules. In the early stages of expression in cultured Cos-7 cells, epitope-tagged spastin localized in the cytoplasm, close to the centre of the microtubule asters. With later expression, it localized to discrete punctate cytoplasmic structures not corresponding to known organelles (13) . Expression of wild-type spastin was associated with broken microtubule bundles and when ATPase-defective epitopetagged spastin was expressed, it co-localized with abnormally thick and long perinuclear bundles of microtubules (13) . Similar findings were made in cultured rat cortical neurons (14) . These results have recently been extended by an immunolocalization study which identified high levels of endogenous spastin in subcellular regions where microtubules are dynamically regulated. In actively dividing Cos-7 and HeLa cells, spastin was found on the centrosome and spindle microtubules during metaphase, and on the central spindle and midbody during cytokinesis. In a motor neuron cell line, spastin was highly expressed at the distal ends of neurite extensions and at branch points. This study also identified the centrosomal protein NA14 as a binding partner for spastin (11) .
Data from Drosophila models also support a role for spastin in microtubule regulation (15) . Drosophila spastin (D-spastin) is particularly enriched at synaptic boutons, co-localizing with the synaptic vesicle marker synaptotagmin at neuronal regions where stable microtubules are normally absent. Targeted RNA interference knockdown of D-spastin in the nervous system caused synaptic undergrowth and a reduction of total synaptic area, with a corresponding enhancement of presynaptic neurotransmission strength that was corrected pharmacologically by nocodazole, a microtubule destabilizing agent. The animals had an increase in structurally stable tubulin at the neuromuscular junction presynaptic terminal, with encroachment of microtubules into the presynaptic boutons. Conversely, overexpression of D-spastin led to a decrease in the amount of structurally stable tubulin at the neuromuscular junction presynaptic terminal and a reduction in neurotransmission strength that was corrected by the microtubule stabilizing agent taxol. These data are consistent with the hypothesis that D-spastin may directly or indirectly regulate microtubule stability and may spatially restrict stabilized microtubules at presynaptic boutons (15) .
Despite all of the data pointing towards a microtubule regulating function for spastin, the fact that it is found in punctate or tubular cytoplasmic structures when expressed in mammalian cells and that it is spatially distinct from stable microtubules in Drosophila axons suggests that it may have other roles. One proposal is that spastin may be involved in intracellular membrane traffic events. Spastin has an N-terminal microtubule interacting and trafficking (MIT) domain. This domain is shared with several proteins that have defined roles in membrane traffic, including VPS4, an AAA (ATPases associated with diverse cellular activities) protein from the same subgroup as spastin, sorting nexin 15 and calpain-7/ PalB (16, 17) . Interestingly, the MIT domain is also found in spartin, a protein mutated in Troyer syndrome, an autosomal recessive HSP complicated by dysarthria, distal amyotrophy and mild developmental delay (16) .
Intracellular membrane traffic pathways are divided into secretory and endocytic components (18) . In the endocytic pathway, internalized receptors and transmembrane proteins from the plasma membrane are delivered to early endosomes, from where they may be recycled to the plasma membrane, targeted to the Golgi, delivered to late endosomes and lysosomes for degradation or, in polarized cells, transcytosed (18) . As endosomes connect the secretory, internalization and degradative processes, they function as important sorting sites. Key molecular components of the endocytic pathway have been identified by analysis of yeast VPS mutants, grouped into classes A -F depending on the site of effect (19) . The class E VPS mutants are of particular relevance to this study; at least 17 yeast class E VPS mutants are known and each has at least one human homologue. They are essential for the formation of the multivesicular body, a late endosomal structure formed by invagination and budding of the limiting membrane into the vesicle lumen (19) . The multivesicular body fuses with the lysosome, with consequent exposure of the internalized membranes to the lumenal degradative compartment (19) . Recent studies have identified three related membrane-associated protein complexes, termed ESCRT (endosomal sorting complexes required for transport)-I, -II and -III, which are made up of class E VPS proteins (20) (21) (22) . These complexes may be sequentially recruited from cytoplasmic precursors and mediate sorting of cargoes to the multivesicular body. The ESCRT-III complex is thought to be responsible for the final sorting and concentration of cargo to a subset of multivesicular body membranes (22) . This complex is made up of at least four class E VPS proteins that are all members of the same protein family, Chm2p, Chm3p, Chm4p and Chm6p (also called Vps2p, Vps24p, Vps32p/Snf7 and Vps20p, respectively in yeast, corresponding to CHMP2A and 2B, CHMP3, CHMP4A, 4B and 4C and CHMP6 in humans) (22) (23) (24) . Two other members of the Chm family have been identified, Chm1p/Did2p (corresponding to CHMP1A and CHMP1B in humans) and Chm5p/Vps60p (corresponding to CHMP5 in humans) (22) (23) (24) , although it is not clear whether they are part of the ESCRT-III complex or whether they regulate ESCRT-III function (22) . The membrane association of the Chm proteins is regulated by the class E Vps protein Vps4p (discussed earlier), which may catalyse disassembly of the ESCRT-III complex (19, (22) (23) (24) (25) . VPS4 is present in two forms in humans, VPS4A and VPS4B (23, 24, 26) . In addition to its role in membrane traffic, an isoform of human CHMP1A is localized to the nucleus (27) .
In this study, we set out to gain new insights into the function of spastin, by using a yeast two-hybrid approach to identify binding partners for the protein. Using full-length spastin as bait we identified two proteins involved in membrane traffic, CHMP1B and gp25L2, as specific binding partners. Given the similarity between spastin and VPS4 and taking into account the relative strength of the yeast two-hybrid interactions obtained with the two putative binding partners, we chose to prioritize the interaction with CHMP1B for study. We have confirmed the physiological importance of the interaction in mammalian cells by subcellular co-localization studies, split b-lactamase protein fragment complementation assays and co-immunoprecipitation studies. Given the role of CHMP1B in endosomal membrane trafficking, these data suggest that spastin, like other HSP genes, may play a role in membrane traffic events.
RESULTS
Yeast two-hybrid experiments identify CHMP1B and gp25L2 as potential binding partners of spastin
We used full-length spastin protein as a 'bait' to screen a highcomplexity human yeast two-hybrid erythroleukaemia cDNA library, as described previously (28) . This screen generated 16 positive diploid clones that grew on selective media lacking adenine and were positive for b-galactosidase activity. When these primary interactions were retested in fresh yeast only two were found to be both reproducible and bait specific. The two positive 'prey' clones encoded the gp25L2 protein (NM_017510), which exhibited a weak yet discernable b-galactosidase activity and restricted growth on selective media lacking tryptophan, leucine and adenine (2W/L/A), and CHMP1B (NM_020412, also known as CHMP1.5), which exhibited strong b-galactosidase activity and strong growth on selective (2W/L/A) media (Fig. 1A and B) . As spastin appeared to interact more strongly with the CHMP1B prey clone, we chose to analyse the specificity and physiological relevance of this interaction in mammalian cells.
Intracellular distribution of epitope-tagged spastin and CHMP1B
Existing data on the subcellular localization of spastin are conflicting and the subcellular localization of CHMP1B has not been reported previously, so we first performed immunofluorescence studies to examine the subcellular distribution of epitope-tagged human spastin and CHMP1B proteins. To avoid misinterpretation and to assess the potential for taginduced changes in protein distribution, we compared the relative subcellular localization of three different tagged versions of each protein. Proteins were tagged at either the N or the C-terminus with GFP (GFP -Spastin, Spastin -GFP, GFP -CHMP1B and CHMP1B -GFP) or at the N-terminus with the c-myc epitope (myc -Spastin and myc -CHMP1B). To help assess whether the discrepancy in the subcellular localization of spastin in cell-culture transfection experiments versus studies using antibodies against the native protein is caused by differential localization of exon 4-deleted and full-length isoforms of spastin, we made a C-terminal GFP-tagged construct containing the exon 4-deleted form of spastin (SpastinDex4 -GFP, Fig. 2 ). The constructs were transiently expressed in Cos-7 and PC12 cells, and the relative subcellular distribution of each protein was assessed by fluorescence microscopy.
Spastin. Expression of GFP -Spastin, Spastin -GFP or mycSpastin gave similar results. All three were expressed within the cytoplasm of Cos-7 cells (data not shown) and undifferentiated (Fig. 3A) or differentiated PC12 cells ( Fig. 3B and C) , consistent with previous observations (13, 14) . Spastin was predominantly localized to either punctate or tubular structures which were initially observed within the perinuclear region. At later time points (48 h or longer), punctate and more extensive tubular structures were also observed in more peripheral regions of the cell. In PC12 cells differentiated to have neurite extensions, punctate spastin expression was seen in the soma and also within neurites. Within neurites, expression was often most prominent at the distal Figure 1 . Spastin interacts with gp25L and CHMP1B in the yeast two-hybrid system. (A) Positive diploid yeast colonies isolated from a yeast two-hybrid screen in which full-length spastin was used as the bait protein were transferred to filters and tested for activation of the b-galactosidase reporter gene. Diploid cells containing spastin and one of two different non-specific prey proteins (NSP1 and NSP2) show no blue colouration after the b-galactosidase assay, whereas diploid cells containing spastin and gp25L2 or spastin and CHMP1B show weak or strong b-galactosidase activity, respectively. (B) Reconfirmation of the observed interaction between spastin and gp25L2 or CHMP1B in fresh yeast. Column 1 shows the growth of diploid colonies on media lacking uracil and leucine (2U/L) to select for the presence of both bait and prey vectors, while column 2 shows the growth of diploid colonies on media lacking uracil, leucine and histidine, which requires the activation of the His reporter gene. In each case spastin was used as the 'bait', while gp25L2 or CHMP1B were used as 'prey' proteins. ends ( Fig. 3B and C) . Expression of the SpastinDex4 -GFP construct in Cos-7 cells gave results identical to the expression of full-length spastin, with no nuclear localization (data not shown).
CHMP1B. The subcellular distribution of the myc -CHMP1B and the CHMP1B -GFP fusion proteins in transiently transfected Cos-7 was broadly similar. Both were observed in the nucleus and the cytoplasm ( Fig. 3E and F) . Within the nucleus CHMP1B predominantly exhibited a diffuse/granular distribution, although occasional cells showed additional punctate nuclear labelling. Within the cytoplasm the fusion proteins were predominantly localized to very numerous, small, punctate structures that were present throughout the cytoplasm. In addition, clumps of larger circular structures, very reminiscent of membrane-bound vesicles, were present, predominantly in a focal perinuclear cap. In a proportion of the cells transfected with CHMP1B -GFP, but not myc -CHMP1B, the perinuclear cap of vesicles contained abnormally enlarged, labelled vesicular structures. Overall, this cellular distribution is similar to that previously described for the closely related CHMP1A protein (24) . Although numerous punctate structures were also labelled throughout the cytoplasm in some cells expressing GFP-CHMP1B, there were differences versus the other fusion proteins. Many cells had diffuse cytoplasmic labelling, and where labelling was not diffuse, the perinuclear cap of vesicular structures seen with the other fusion proteins was seldom observed. Instead, labelled punctate and tubular structures tended to be present in the cytoplasm all around the nucleus, particularly in higher expressing cells. In addition, punctate nuclear staining was much more common than with the other constructs (Fig. 3D) .
In PC12 cells, each of the three epitope-tagged CHMP1B constructs had a similar subcellular distribution (Fig. 3G-I ). Most transfected cells had numerous cytoplasmic circular/vesicular labelled structures on a background of diffuse cytoplasmic staining. In cells showing a more neuronal differentiation pattern, CHMP1B was seen in neurite processes and in some cells the distal ends of neurites were particularly strongly stained. In addition to the cytoplasmic staining, many cells showed diffuse nuclear staining, with a small number of cells having punctate nuclear staining.
Epitope-tagged CHMP1B co-localizes with endosomal markers All members of the CHMP family of proteins studied to date have had an endosomal subcellular localization. We examined whether this was true of CHMP1B by transiently co-expressing myc -CHMP1B with an endosomal marker, BD Living Colors TM GFP-tagged RhoB. We saw striking co-localization of this marker and CHMP1B in PC12 cells (Fig. 4A -C) and Cos-7 cells (data not shown). We confirmed the endosomal location of CHMP1B using antibody markers for early endosomes (EEA1), late endosomes (mannose 6-phosphate receptor, M6PR) and lysosomes (Lamp-1), in Cos-7 cells. Transiently transfected CHMP1B -GFP partially co-localized with M6PR ( Fig. 4D -F) and EEA1 ( Fig. 4G -I ), but did not show any clear co-localization with Lamp1 (data not shown), indicating that CHMP1B is present on early and late endosomes, but not lysosomes.
Esterified cholesterol taken up via LDL receptors is transported to the late endocytic compartment, where it is hydrolysed to release free cholesterol. Overexpression of some members of the CHMP family in mammalian cells can give rise to abnormal accumulation of free cholesterol in endosomal compartments (29) . We examined whether this was the case when CHMP1B -GFP was expressed in Cos-7 cells, using the cholesterol-specific marker filipin. There was filipin staining of a subset of the CHMP1B -GFP labelled vesicles, although the strength of the filipin labelling in these vesicles did not appear increased when compared with filipin positive vesicles in untransfected cells (Fig. 4J -L) .
Epitope-tagged spastin co-localizes with the endosomal protein RhoB
The potential interaction between spastin and CHMP1B led us to investigate whether spastin could also be present on endosomes. We examined cells co-expressing the BD Living Colors GFP-tagged RhoB with myc -Spastin and again saw striking co-localization in Cos-7 ( Fig. 5A -C) and PC12 cells ( Fig. 5D -F) . In PC12 cells, strong co-localization was seen in the distal ends of neurite extensions as well as the cell body ( Fig. 5D -F ). In both cell types, examination of large numbers of cells indicated that the co-localization was independent of cell cycle stage. Antibody staining showed no co-localization between singly transfected, epitope-tagged spastin and EEA1, M6PR or Lamp-1 in Cos-7 cells (data not shown). Epitope-tagged spastin co-localizes with epitope-tagged CHMP1B in Cos-7 and PC12 cells
We next analysed the extent to which spastin and CHMP1B co-localized within mammalian cells. We examined, with immunofluorescence experiments in transiently transfected Cos-7 and PC12 cells, whether there was any co-localization between epitope-tagged spastin and epitope-tagged CHMP1B. We compared myc -Spastin with GFP -CHMP1B and CHMP1B -GFP, and myc -CHMP1B with GFP -Spastin and Spastin -GFP. In each case the spastin and CHMP1B proteins were clearly co-localized to small punctate or tubular cytoplasmic structures (Fig. 6 ). Although striking, the observed co-localization was clearly not complete, as spastin was observed to associate with only a subset of the CHMP1B positive structures. Interestingly, punctate structures exhibiting spastin-CHMP1B co-localization were occasionally arranged in linear arrays, reminiscent of transport vesicles lining up on cytoskeletal elements (Supplementary Material, Fig. S1 ). There were some differences in the pattern of co-localization seen with different combinations of fusion proteins, particularly in Cos-7 cells. In co-localization studies that used myc -CHMP1B versus spastin fusion proteins, most colocalization was in punctate and tubular structures that were distributed in the perinuclear and more peripheral cytoplasm ( Fig. 6A -F) . The perinuclear cap of vesicular structures typically seen with myc -CHMP1B expression alone was usually absent. In co-localization studies using CHMP1B -GFP, although peripheral punctate co-localization was found, the strongest co-localization was typically present within the perinuclear cap of vesicular structures ( Fig. 6G -I ). In co-localization studies that used GFP -CHMP1B, most colocalization was again in punctate and tubular structures that were distributed in the perinuclear and more peripheral cytoplasm ( Fig. 6J-L) .
In PC12 cells, epitope-tagged spastin and CHMP1B were co-localized in punctate structures within neurite processes, as well as being co-localized in punctate and tubular structures in the cell body cytoplasm (Fig. 6M -O) .
In vitro and in vivo b-lactamase protein fragment complementation assays support a physical interaction between spastin and CHMP1B in mammalian cells
We further examined the physiological relevance of the observed interaction between spastin and CHMP1B using a series of b-lactamase protein fragment complementation assays (PCAs). This approach provides a specific and sensitive independent method of assessing the validity of primary yeast 
(A-C and G-I) PC12 cells, (D-F) Cos-7 cells. (A-C) show the distribution of spastin fused to GFP at its N-terminus (A), C-terminus (B), or to the c-myc epitope at its N-terminus (C). (D-I)
show the distribution of CHMP1B fused to GFP at its N-terminus (D and G) or C-terminus (E and H), or to the c-myc epitope at its N-terminus (F and I). In Cos-7 cells, punctate nuclear structures were more prominent and perinuclear staining less prominent with the GFP-CHMP1B fusion protein (D) when compared with the other two CHMP1B fusion proteins. Occasional linear arrays of labelled puncta were seen (inset in F). Cos-7 cells were fixed and processed for microscopy 24 h after transfection and PC12 cells 48 h after transfection.
two-hybrid interactions in a mammalian cell system (30 -32) . To perform the PCAs, the b-lactamase protein was fragmented into two complementary domains termed BLF1 (aminoacids 24 -197) and BLF2 (aminoacids 198-288), as previously described (30, 31) . When expressed in isolation these two domains do not efficiently reconstitute b-lactamase activity. However, when the complementary fragments are expressed as separate in-frame fusions with two interacting proteins the two component parts of the b-lactamase enzyme are brought into close proximity, promoting correct domain 
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folding and the reconstitution of enzyme activity. Unlike in the yeast two-hybrid approach, protein fragments are likely to interact at their normal subcellular location. The CHMP1B protein was fused upstream of the BLF1 fragment (CHMP1B -BLF1), whereas spastin was fused upstream of the complementary BLF2 fragment (Spastin-BLF2). As a positive control we generated two further constructs in which two subunits (ATP6E and ATP6G) of the vacuolar ATPase H þ pump (V-ATPase) protein complex were fused upstream of the BLF1 and BLF2 fragments, respectively (Fig. 7A) . These proteins were chosen because there is evidence that they physically interact in vivo (33) and they exhibit highly specific interaction profiles in yeast two-hybrid assays (28) .
In eight independent experiments we consistently observed a significant increase in b-lactamase activity when the CHMP1B -BLF1 and the Spastin -BLF2 fusion proteins were co-expressed, as compared to the levels of activity observed when the unfused BLF1 and BLF2 fragments were expressed together (Fig. 7B) . The level of b-lactamase activity observed when the CHMP1B-BLF1 and the Spastin -BLF2 fusion proteins were co-expressed was broadly comparable to that observed when the positive control ATP6E -BLF1 and ATP6G -BLF2 fragments were used together ( Fig. 7B  and C) . To test the specificity of the CHMP1B -spastin interaction in this system, the relative b-lactamase activity observed when CHMP1B -BLF1 and Spastin -BLF2 were co-expressed was compared with that obtained when either the CHMP1B -BLF1 or the Spastin -BLF2 construct was replaced by the corresponding ATP6E -BLF1 or ATP6G-BLF2 construct ( Fig. 7B and C ). In each case the level of b-lactamase activity observed was significantly reduced when the specific partner was replaced. The same pattern of specificity was observed in multiple replicates of these experiments.
We next used an in vivo b-lactamase protein fragment complementation assay to verify the results obtained from the in vitro total cell lysate b-lactamase assay. The in vivo assay is carried out in live cells and so provides a more physiological approach to explore protein -protein interactions (30, 31) . HEK293T cells were transfected on glass chamber slides and b-lactamase activity was visualized in vivo using an inverted epifluorescence microscope. b-lactamase activity was detected by emission of blue fluorescence, which occurs on hydrolysis of the fluorogenic substrate CCF2/AM, and was assessed by counting the total number of blue and green cells in 10 fields of view. Results were very similar to those obtained with the in vitro assay. Again, we consistently observed an increase in b-Lactamase activity when the CHMP1B-BLF1 and the Spastin -BLF2 fusion proteins were co-expressed, as compared to the levels of activity observed when the unfused BLF1 and BLF2 fragments were expressed together (Fig. 7D, H -J) . The level of b-lactamase activity Figure 5 . Epitope-tagged spastin co-localizes with RhoB-GFP in Cos-7 and PC12 cells. In (A-C), Cos-7 cells were co-transfected with RhoB-GFP (A) and myc-Spastin (B). Strong co-localization between RhoB and myc-Spastin is seen (C). (D-F) show a differentiated PC12 cell co-transfected with RhoB-GFP (D) and myc-Spastin (E). Again, strong co-localization is apparent, both in the cell body and in the foci along neurite extensions (F, arrowheads). The distal ends of neurites were often strongly co-stained (long arrow). Coloured squares shown in the bottom right hand corner of each grey-scale picture indicate the colour of that image in the corresponding merged picture (C and F). Cos-7 cells were fixed and processed for microscopy 24 h after transfection and PC12 cells 48 h after transfection. observed when the CHMP1B -BLF1 and the Spastin -BLF2 fusion proteins were co-expressed was broadly comparable to that observed when the positive control ATP6E -BLF1 and ATP6G -BLF2 fragments were used together (Fig. 7E, I and J). b-Lactamase activity was reduced when either the CHMP1B -BLF1 or the Spastin -BLF2 construct was replaced by the corresponding ATP6E -BLF1 or ATP6G -BLF2 construct (Fig. 7F, G, I and J) . These results were replicated in three independent experiments. Together, the in vitro and in vivo b-lactamase protein fragment complementation assays strongly suggest that the interaction between spastin and CHMP1B is physiologically relevant.
Co-immunoprecipitation assays support an interaction between spastin and CHMP1B in mammalian cells
We carried out co-immunoprecipitation experiments to verify further the physiological significance of the interaction between spastin and CHMP1B. We first carried out subcellular fractionation studies to determine whether it would be feasible to co-immunoprecipitate spastin and CHMP1B from soluble cellular fractions. Subcellular fractionation of myc -Spastin transfected Cos-7 cells indicated that spastin is present in cytosolic, membrane, nuclear and, predominantly, in the cytoskeletal/insoluble subcellular fractions (Fig. 8A) . . Bands corresponding to the expected sizes of both proteins are located in all four cellular fractions, with highest expression in a subcellular fraction that contains cytoskeletal elements and other insoluble components. Subcellular fractions were obtained using a subcellular proteome extraction kit (Calbiochem), 48 hours after cell transfection. (C-F) myc-Spastin co-immunoprecipitates with CHMP1B -GFP. HEK293T cells were co-transfected with myc-spastin and CHMP1B -GFP or, as a control, myc-Spastin and empty vector-EGFP. Forty-eight hours after transfection, cells were harvested into lysis buffer and separated into soluble and insoluble fractions by centrifugation. Expression of proteins of expected size in the soluble fraction from each co-transfection is shown in (C) (myc-Spastin/CHMP1B-GFP co-transfection) and (D) (myc-Spastin/empty vector-EGFP co-transfection). Both soluble fractions were immunoprecipitated using anti-GFP antibody, the immunoprecipitated proteins were separated by SDS-PAGE and then immunoblotted with anti-myc antibody. For the myc-Spastin/CHMP1B-GFP co-transfection, a band corresponding to myc-Spastin is seen in the immunoprecipitate (E). This band was not present when anti-GFP antibody was omitted from the immunoprecipitation (E). In the control myc-Spastin/empty vector-EGFP immunoprecipitation, no myc-Spastin bands were present (F).
CHMP1B -GFP had a similar subcellular distribution (Fig. 8B) , and the subcellular distribution of either protein was not altered significantly by co-expression with the other (data not shown). Although the expression of each protein was strongest in the insoluble fraction, because of the technical difficulties of co-immunoprecipitation from an insoluble pellet, we attempted co-immunoprecipitation of spastin and CHMP1B from the soluble fraction. We transiently coexpressed myc-Spastin and CHMP1B -GFP or myc -Spastin and GFP empty vector in HEK293T cells. We separated the myc -Spastin/CHMP1B -GFP or myc -Spastin/empty-GFP whole-cell lysates into soluble and insoluble fractions by centrifugation. We confirmed that the proteins of interest were present in each of the two soluble fractions by immunoblotting with anti-myc and anti-GFP antibodies (Fig. 8C and  D) , then immunoprecipitated from the soluble fraction using an anti-GFP antibody. Subsequent western blotting with anti-myc antibody showed that myc -Spastin had been co-immunoprecipitated with CHMP1B-GFP (Fig. 8E ), but that no myc -Spastin was co-immunoprecipitated from the myc -Spastin/empty-GFP vector co-transfection (Fig. 8F) . myc -Spastin was not detected in mock co-immunoprecipitations which were carried out without GFP antibody ( Fig. 8E and F) .
The interaction between spastin and CHMP1B is mediated by the N-terminal region of spastin
We examined which sequences of the spastin molecule were responsible for the interaction with CHMP1B, using the yeast two-hybrid assay. We made yeast two-hybrid 'baits' containing full-length spastin, spastin with a C-terminal deletion removing the whole AAA domain (spastinDAAA), spastin with an N-terminal deletion removing the first 194 amino acids of the protein, including the MIT domain (spastinDN1) and spastin with an N-terminal deletion removing the first 80 amino acids and leaving the MIT domain intact (spastinDN2) (Fig. 2) . Although the CHMP1B prey interacted strongly with wild-type spastin, spastinDAAA and spastinDN2 baits, the spastinDN1 bait failed to interact (Fig. 9) .
Expression of epitope-tagged CHMP1B prevents development of the abnormal microtubular cellular phenotype associated with ATPase-defective spastin
We next examined the effect of expression of CHMP1B on the abnormal microtubular cellular phenotype that has been described with expression of ATPase-defective spastin (13) . We generated an N-terminal myc-tagged construct in which the entire AAA-domain-containing C-terminal end of spastin was deleted (myc -SpastinDAAA, Fig. 2 ). We also made N-terminal myc-tagged constructs containing three different missense mutations, S362C, K388R and T615I. The S362C and K388R mutations are in the ATPase cassette and the K388R mutation is known to prevent normal ATPase function. The T615I mutation is at the extreme C-terminal end of the protein, outside the AAA domain. When we transiently expressed these constructs in Cos-7 cells, we found labelling localized to punctate, perinuclear structures in cells with low expression levels (Fig. 10A ). However, with moderate ( Fig. 10B) to high (Fig. 10C ) expression levels, we found prominent labelled filamentous structures in nearly all cells. These findings are very similar to previous descriptions of the cellular phenotype caused by expression of spastin with defective ATPase function, and the filaments have been characterized as abnormally elongated and thickened bundles of microtubules (13) . We also made a myc-tagged construct containing the S44L sequence change that has been found in the homozygous state in one patient with spastic paraplegia, although it is not clear whether the mutation is pathogenic in this situation. As previously reported, the expression pattern of this construct did not differ from wild-type spastin (13) .
To assess whether CHMP1B expression modified the abnormal cellular phenotype associated with the spastin mutants, we co-expressed GFP -CHMP1B or CHMP1B -GFP with each mutant construct. In the case of myc -SpastinDAAA, mycSpastinK388R, myc -SpastinS362C or myc -SpastinT615I constructs, co-expression with either CHMP1B construct resulted in a complete loss of the filamentous phenotype in virtually all cells that were co-transfected. The mutant spastin was strongly co-localized with CHMP1B in the cytoplasm. In the case of CHMP1B -GFP, this co-localization was on circular structures of varying sizes within the cytoplasm (Fig. 10D -F) . The strongest co-localization was in small punctate structures, although a proportion of the larger vesicles sometimes seen with CHMP1B -GFP expression were also double-labelled. These larger vesicles stained positive with filipin, indicating that they were cholesterol-rich and implying that they were of endosomal origin (data not shown). In the small minority of co-transfected cells which did have a Figure 9 . The interaction between spastin and CHMP1B is mediated by a region of spastin that contains the MIT domain. Investigation of domains responsible for the interaction between spastin and CHMP1B was carried out using yeast two-hybrid. Column 1 shows the growth of diploid colonies on media lacking tryptophan and leucine (2U/L) to select for the presence of both bait and prey vectors. Column 2 shows the growth of diploid colonies on media lacking tryptophan, leucine and histidine, which requires the activation of the His reporter gene, while column 3 shows the growth of diploid colonies on media lacking tryptophan, leucine and adenine, which requires the activation of the Ade reporter gene. In each case spastin or a spastin mutant was used as the 'bait' protein, whereas CHMP1B was used as 'prey'. Full-length spastin, spastinDAAA and spastinDN2 all interact with CHMP1B, but spastinDN1 does not. (D-F) show the typical appearance of a Cos-7 cell co-transfected with CHMP1B-GFP (D) and myc-SpastinDAAA (E). The filamentous appearance is not present and SpastinDAAA and CHMP1B are strongly co-localized in circular structures. Occasionally, the larger cytoplasmic vesicles sometimes seen with CHMP1B-GFP expression were co-stained (arrow). Similar results were found when the same spastin mutant was expressed with GFP-CHMP1B and when myc-SpastinK338R was expressed with GFP-CHMP1B or CHMP1B-GFP. A small percentage of co-transfected cells retained the filamentous phenotype, and the typical appearance of one of these cells is shown in (G-I). The CHMP1B-GFP labelling pattern (G) is completely altered from that normally found, and instead strongly co-localizes with myc-SpastinDAAA labelled filaments (H and I). CHMP1B-GFP expression alone had no gross effect on polymerized microtubules (J-L). Coloured squares shown in the bottom right hand corner of each grey-scale picture indicate the colour of that image in the corresponding merged picture (C, F, I and L). Cos-7 cells were fixed and processed for microscopy 24 h after transfection. filamentous appearance (5% versus .60% of cells when the spastin mutant was expressed independently), CHMP1B was redistributed and co-localized with the mutant spastin on filaments (Fig. 10G -I ). The appearances with coexpression of myc -SpastinS44L versus GFP -CHMP1B or CHMP1B -GFP did not differ from co-expression of the CHMP1B constructs with wild-type epitope-tagged spastin (data not shown). Numerous microtubule bundles of apparently normal length and diameter were seen when CHMP1B constructs were expressed alone (Fig. 10J -L) .
CHMP1B is expressed in fetal and adult brain
CHMP1B would be expected to be present in central nervous system tissue, if the interactions between it and spastin have a significant relationship to the neurodegeneration seen in HSP. We identified expressed sequence tags (ESTs) corresponding to CHMP1B by carrying out a BLAST search against human EST databases (34). Several of the ESTs, including fulllength or near full-length cDNAs (e.g. BX418704, BI596792) were derived from adult or fetal brain cDNA libraries, indicating that CHMP1B is expressed in the central nervous system.
Mutation screening of CHMP1B in HSP families
As we found strong evidence that CHMP1B is a likely binding partner for spastin, we considered CHMP1B an HSP disease gene candidate. We therefore undertook mutation screening of the gene in a group of HSP families. The CHMP1B cDNA has a coding sequence of 600 bp which is oriented onto genomic DNA in a single exon. We designed PCR primers to amplify the genomic coding sequence of the gene, along with flanking noncoding DNA, in two overlapping fragments. These fragments were amplified from genomic DNA samples of an affected member from 25 families with HSP (in 23 of which the inheritance pattern was compatible with autosomal dominant inheritance, in two compatible with autosomal recessive inheritance). Nineteen of these families had already been screened for spastin mutations and 24 had been screened for atlastin mutations, with negative results. Sequencing of the CHMP1B amplified fragments revealed no coding sequence changes.
DISCUSSION
We set out to gain insight into the function of spastin, a protein mutated in HSP, by identifying potential binding partners. Using a yeast two-hybrid approach, we identified a specific interaction between spastin and CHMP1B, an endosomal protein involved in membrane traffic events. The physiological relevance of this interaction in mammalian cells was strongly supported by striking co-localization of epitope-tagged spastin with CHMP1B, by positive and specific results with in vitro and in vivo b-lactamase protein fragment complementation assays and co-immunoprecipitation studies. In addition, we saw effects on the subcellular distribution of epitope-tagged wild-type and mutant spastin with expression of CHMP1B. Together, these data give strong support for a physiological interaction between spastin and CHMP1B in mammalian cells, with the caveat that all of the confirmatory experiments used overexpression systems. This means that it is possible that some of the positive results may be over-expression artefacts and studies aimed at finding evidence for the endogenous relevance of the spastin -CHMP1B interaction would be helpful.
Our study supports previous observations on the distribution of epitope-tagged wild-type spastin in Cos-7 cells, with spastin present in punctate or tubular structures within the cell cytoplasm (13) . In addition, we provide data on the subcellular localization of epitope-tagged spastin in the rat PC12 cell line, a cell line derived from pheochromocytoma cells that can be differentiated into a neuronal phenotype using nerve growth factor (NGF). In undifferentiated PC12 cells, spastin was present as punctate structures within the cytoplasm. In more differentiated cells, spastin was again present as puncta in the soma, but was also present in neurite extensions, with strongest expression often at the distal end of the neurite. This distribution is similar to that described for endogenous spastin in a motor neuron cell line, where expression was enriched in the distal axon and in branching regions (11) . However, it differs from the expression pattern of FLAG-tagged wild-type spastin in rat cortical neurons, where expression was confined to the soma and did not extend into the axon or dendrites (14) . The reasons for this discrepancy are not clear, but could include effects of celltype or of the particular epitope tag used.
This study also characterizes for the first time the subcellular distribution of CHMP1B and we show that it has a mixed nuclear and cytoplasmic expression pattern in Cos-7 and PC12 cells. In PC12 cells, cytoplasmic CHMP1B expression was found in punctate structures in the cell soma, and also in neurite extensions, with the distal ends of labelled neurites often showing strong expression. Within the cytoplasm of Cos-7 cells, CHMP1B was typically present in a focal perinuclear cap of vesicles and in more peripheral, smaller punctate structures. At least a proportion of the CHMP1B positive perinuclear vesicles were endosomes, because they co-stained with markers of early and late endosomes and contained cholesterol. Some construct-dependent differences were noted in the subcellular distribution of CHMP1B in Cos-7 cells. Perinuclear caps of vesicular structures were commonly seen with myc -CHMP1B and CHMP1B -GFP, but not GFP -CHMP1B, whereas abnormally enlarged cytoplasmic vesicular structures were only seen with CHMP1B -GFP. These effects are likely to be secondary to effects of the site and nature of the epitope tag. One possible interpretation of these observations is that (i) the N-terminal GFP tag impedes binding to vesicular membranes, so GFP -CHMP1B does not label the perinuclear vesicular structures seen with the other fusion proteins, (ii) the C-terminal GFP tag allows binding to vesicular membranes but causes abnormal enlargement of endosomes by preventing removal of CHMP1B, (iii) the N-terminal c-myc tag allows both normal binding and removal from membranes, resulting in labelled perinuclear vesicles that are not enlarged. This interpretation could also explain some of the construct-dependent differences we found in our spastin -CHMP1B co-localization studies. In colocalization studies that used myc -CHMP1B versus spastin fusion proteins, most co-localization was in punctate and tubular structures that were distributed in the perinuclear and more peripheral cytoplasm. The perinuclear caps of vesicular structures typically seen with myc -CHMP1B were usually absent, suggesting that spastin expression caused CHMP1B to be mobilized from these vesicular foci. However, in co-localization studies using CHMP1B -GFP, although peripheral punctate co-localization was found, strongest co-localization was typically present in the perinuclear cap of vesicular structures, suggesting that in this situation it is spastin which is redistributed to the immobile CHMP1B. Effects of epitope tags on the function of CHMP proteins have been described (23) . These effects can depend on the nature and position of the tag, although no clear rule as to which tags have a dominant negative effect on CHMP function has emerged so far.
When we expressed a variety of ATPase-defective spastin constructs in Cos-7 cells, we found an identical expression pattern to that described previously. The mutant spastin became associated with abnormal filamentous structures, which consist of thickened and elongated strands of microtubules (13) . Significantly, we show that CHMP1B expression has dramatic effects on the expression pattern of ATPasedefective epitope-tagged spastin. The spastin-labelled filamentous structures disappeared from nearly all co-expressing cells, and instead the mutant spastin strongly co-localized with CHMP1B. These observations, taken with the fact that cells expressing low levels of ATPase-defective spastin do not show the filamentous phenotype, suggest that in these cell models mutant spastin might bind to microtubules only once sites of binding to other proteins, including CHMP1B, are saturated. Expression of exogenous CHMP1B might increase the available binding sites, preventing the filamentous phenotype from developing. Although unlikely, we cannot entirely exclude an alternative possibility that CHMP1B expression itself causes microtubule reorganization which in turn could have an indirect effect on spastin distribution.
We mapped the region of spastin which interacts with CHMP1B as lying between residues 80 and 196. Spastin's MIT domain lies between residues 116 and 194, constituting most of the CHMP1B interacting region, and it seems likely that the MIT domain is responsible for the interaction between spastin and CHMP1B. This is consistent with data on the binding of Vps4p to endosomes in yeast, which occurs via an MIT domain and depends on the presence of Vps2 and Vps24, homologues of human CHMP2 and CHMP3 (22, 25) . It therefore appears that in at least two cases, spastin and VPS4, binding to a CHMP family member is mediated by the MIT domain. It remains to be seen whether other MIT domain-containing proteins also interact with CHMP family members, and if so, whether differential or antagonistic interaction of different MIT domain-containing proteins with CHMP proteins could be an important mechanism of pathway regulation. The region of spastin's interaction with CHMP1B is separate from that required for interaction with microtubules, which has recently been identified as lying between residues 50 and 87 (11) . The presence of distinct binding sites for CHMP1B and microtubule interaction is consistent with our finding that CHMP1B can still co-localize with ATPase-defective spastin on filaments, in those rare cells co-expressing both proteins that develop the filamentous phenotype.
The CHMP family of proteins are all involved in intracellular membrane traffic events, at least, but perhaps not exclusively, at the level of endosomes (24) . The yeast Chm proteins and their human CHMP homologues constitute, or are closely associated with, the ESCRT -III complex, which may form the final component of a three part cascade that targets membrane-associated cargoes to the multivesicular body (22) . It is not clear whether CHMP1B is part of the ESCRT-III complex, or whether it plays a regulatory role on complex function. At present, we can only speculate on the functional role that spastin's interaction with CHMP1B may take. The membrane association of the ESCRT -III CHMPs, including CHMP1B, is regulated by VPS4, an AAA protein that has similarities to spastin, because both contain an MIT domain and are members of the same AAA family subgroup (22 -25) . As spastin is structurally related to VPS4, it is possible that its interaction with CHMP1B might similarly take the form of regulation of the membrane association of this molecule. In this context, it is interesting that we found co-expression of spastin with myc -CHMP1B seemed to mobilize the CHMP1B protein from a perinuclear vesicular distribution. An alternative and perhaps more remote possibility is that CHMP1B may have functions associated with its interaction with spastin that are distinct from its role in membrane traffic.
We found some CHMP1B expression in the nucleus. This mixed nuclear/cytoplasmic expression pattern is similar to that described for the closely related CHMP1A molecule, for which a nuclear isoform may have a role in stable gene silencing (27) . On the basis of the results of this study and several studies that have looked at the subcellular distribution of spastin (7, 8, 10, 11) , it seems likely that it also has a mixed nuclear/cytoplasmic distribution. Thus CHMP1B and spastin may fall into the group of molecules (reviewed in 27) that have separate functions in membrane traffic pathways and in the nucleus.
A role for spastin in membrane trafficking is compatible with the suggestion that spastin may have a role in microtubule regulation (11, 13, 15) . Given the close interrelationship between traffic of vesicle-bound cargoes and transport by motor molecules on cytoskeletal filaments, it is conceivable that a molecule involved in intracellular membrane traffic events might also interact with microtubules or have secondary effects on microtubule dynamics, and indeed a few such molecules have been described (reviewed in 17). Against this background, it is interesting that we saw punctate foci of co-localized CHMP1B and spastin organized onto linear arrays, reminiscent of vesicles being transported on microtubules. It is also worthy of note that although Drosophila spastin had effects on axonal microtubules, the subcellular expression pattern of stable microtubules and D-spastin were distinct, with D-spastin instead co-localising with the synaptic vesicle pool marker synaptotagmin (15) . This perhaps suggests that D-spastin may have other functions that are distinct to microtubule regulation. Further work will be required to dissect these issues.
If spastin has a role in the endocytic pathway, this raises the question of how abnormalities in this process might lead to the neurodegenerative HSP phenotype. The endocytic pathway has an important role in the regulation of membrane associated receptors, with receptor regulation being dependent on a balance between degradation in the lumenal compartment of the multivesicular body/lysosome versus recycling back to the plasma membrane (19) . Abnormalities of sorting in the endocytic pathway may result in receptor up-or downregulation. An abnormality in the endocytic pathway could therefore cause multiple abnormalities in plasma membrane receptor levels and consequent abnormalities in signalling, perhaps including activation of apoptotic pathways, or repression of survival pathways. The distal ends of very long axons might be especially vulnerable to this process, because downstream pathways might already be working at near threshold levels in such an extreme environment. Another possibility is that abnormalities in endosomal traffic might directly perturb downstream signalling, independent of plasma membrane receptor levels. Neuronal maintenance is dependent on neurotrophic survival factors released by innervation targets. These survival factors signal by activation of cognate receptors on the neuronal presynaptic membrane (35) . In at least some neurons NGF signalling can be conveyed in specialized early endosomes that are transported to the neuronal cell body by retrograde axonal transport (35, 36) . Failure of trafficking of the signalling endosome could therefore lead to neurodegeneration, and again neurons with very long axons could be particularly vulnerable to abnormalities of this type of process.
There is growing evidence that defects in the related functions of intracellular transport and membrane traffic may be common mechanisms for the neurodegeneration seen in HSP. Several HSP proteins have been implicated in molecular transport, including the neuronal specific kinesin heavy chain KIF5A (37-39), or membrane traffic events, including alsin, atlastin, maspardin, spartin and NIPA1 (non-imprinted in Angelman's1) (16, (40) (41) (42) (43) (44) (45) (46) . More widely, analysis of the causes of genetic diseases of LMNs indicates that they are also vulnerable to defects in intracellular transport or membrane traffic, with the kinesin motor KIF1Bbeta, neurofilament light chain, myotubularinrelated 2 protein phosphatase, gigaxonin and Rab7 proteins all being implicated in these processes (47) (48) (49) (50) (51) (52) .
In summary, we present data that strongly suggest an interaction in mammalian cells between spastin and CHMP1B. These results support the idea that spastin plays a role in membrane traffic, and contribute to an emerging recognition that defects in intracellular transport and membrane traffic mechanisms are a significant cause of motor neuron pathology.
MATERIALS AND METHODS

Construction of yeast two-hybrid and immunofluorescence vectors
The complete open reading frames of spastin and CHMP1B were amplified by proof-reading Pfx polymerase (Invitrogen) PCR from IMAGE clones 4829087 and 3928338, respectively, using Gateway TM (Invitrogen) recombination cloning systemcompatible primers designed from the reference cDNA sequence for each gene. To generate the spastinDAAA, spastinDN1 and spastinDN2 mutants, Pfx PCR was carried out using appropriate Gateway (Invitrogen) recombination cloning system-compatible primers designed from within the reference cDNA. The T615I spastin mutant was generated by PCR using a reverse primer which incorporated the appropriate sequence change. Other mutant forms of spastin were generated using a splicing by overlap extension approach, as previously described, again using Gateway (Invitrogen) recombination cloning system-compatible flanking primers (53) . Gateway recombination cloning system pENTR201 and/or pENTR207 entry vectors containing the amplified cDNAs were constructed according to the manufacturer's instructions. Sequence of entry vector constructs was verified by sequencing on an ABI377 or 3700 sequencer, using BigDyeDT chemistry (Applied Biosystems).
The spastin and CHMP1B wild-type transcripts were then subcloned into Gateway-compatible vectors pcDNA3-NGmyc, pE-GFP-N and pE-GFP-C, which contained 5 0 -myc, 3 0 -GFP or 5 0 -GFP epitopes, respectively. Spastin mutant constructs were subcloned into the Gateway-compatible vector pcDNA3-NG-myc. The orientation of the spastin and CHMP1B sequences within the constructs was verified by direct sequencing on an ABI377 or 3700 sequencer, or by PCR with appropriate combinations of vector and insert sequence specific primers.
For yeast two-hybrid experiments, a spastin-containing pENTR201 entry vector was subcloned into the Gatewaycompatible bait vector pGBDU-G, which was constructed by cloning the Gateway reading frame cassette B into pGBDU-C1 (54) according to the manufacturer's instructions.
Yeast two-hybrid library screening and reporter assays
Yeast strain PJ69-4A (MATa trp1 -901 leu2 -3, 112 ura3 -52, his3 -200 gal4D gal80D LYS2 :: GAL1 -HIS3 GAL2 -ADE2 met2 :: GAL7 -lacZ (54)) was transformed by electroporation (55) with the bait plasmid, which carry the URA3 marker. No self-activation of the bait strain reporter genes was obtained on synthetic drop-out (SD) 2Ura/Ade and SD 2Ura/His. The spastin bait was screened against a K562 erythroleukaemia cDNA Matchmaker library (Clontech), which contains the LEU2 marker, and was amplified and transformed into a mating type switched, MATa derivative of the PJ69-4A yeast strain. This library represents 3.5 Â 10 6 independent clones with an estimated cDNA insert size ranging from 0.4 to 3.8 kb, with an average insert size of 1.9 kb.
Bait yeast (10 9 cfu) were individually mated to the prey yeast library (6 Â 10 8 cfu) using a plate mating procedure modified from a previously described method (56) . This gave a mating efficiency of .2%, enabling a 4-fold coverage of the library. Mating mixtures were grown on 16 Â 150 mm SD 2Ura/Leu/Ade plates for up to 2 weeks for selection of clones expressing the ADE2 reporter. Colonies were picked in a 96-grid format onto SD 2Ura/Leu/Ade plates such that all subsequent handling could be performed using a 96-pin replicator. Activation of the lacZ reporter was assayed by growing the yeast on filter paper on YPAD plates overnight, lysing the cells in liquid nitrogen and then incubating the filters at 378C for 1 h on filters pre-soaked in 6 mL Z buffer (100 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCL, 1 mM MgSO 4 , p. 7), 100 ml 4% X-gal and 11 ml b-mercaptoethanol. Colonies were scored as positive for activation of lacZ if the coloration was greater than that of yeast containing the bait vector alone. We did not score for activation of the HIS3 gene because in our experience .99% of colonies that activate ADE2 also activate HIS3, as previously reported (54) .
Identification of interacting proteins in yeast two-hybrid screens
Prey inserts were directly amplified from yeast using vectorspecific primers. Yeast colonies were picked into 20 mM NaOH and lysed for 20 min at room temperature. A 1.5 ml aliquot of lysis mix was added to a standard 25 ml PCR reaction containing vector-specific primers. The PCR reaction was heated for 5 min at 958C followed by 35 cycles of 1 min denaturation at 958C, 1 min annealing at 588C and 3.5 min extension at 728C. Four microlitres of each PCR reaction was run on a 0.8% agarose gel to estimate the insert size. To identify the prey inserts, 3-5 ml of each PCR product was sequenced as described above.
Reconfirmation and specificity testing for yeast two-hybrid assays
To retest each interaction in fresh yeast, each prey PCR product was cloned using Gateway recombination cloning system into the Gateway compatible pGAD-G vector, as described above. Competent MATa PJ69-4A yeast cells were transformed by electroporation (55) with each of these prey-vector containing plasmids and plated directly onto SD 2Leu plates. After growth at 308C for 3 days, they were mated by replica plating onto a lawn of MATa yeast containing either the relevant bait, two different irrelevant baits or an empty bait vector, and then incubated for .5 h on YPAD plates. Diploids were selected on SD 2Ura/Leu prior to testing for reporter activation by replicating onto SD 2Ura/ Leu/Ade.
Computational analysis
Prey sequences were searched against locally held versions of the Homo sapiens Unigene and the EMBLminus databases using an automated BLAST (34) algorithm. Custom-built Perl modules and scripts were used to prefilter and format the raw BLAST output, and determine whether the 5 0 sequence read overlapped with the protein coding region of a gene. Only matches to known protein coding regions and to ESTs that have no defined open reading frame were included as positives. Matches to 3 0 UTRs and genomic DNA with no associated gene prediction were excluded. Singleton, unspliced ESTs that did not correspond to any gene predictions were also excluded, as they probably represent genomic contamination of cDNA libraries.
Antibodies
Monoclonal anti-myc primary antibody (mouse clone 4A6) was obtained from Clontech. Monoclonal anti-microtubule antibody (rat clone YL1/2) and anti-GFP rabbit polyclonal antibodies were obtained from abcam (Cambridge). EEA1, M6PR and Lamp1 antibodies were a kind gift from Paul Luzio (Cambridge). Peroxidase conjugated secondary antibodies for western blotting were obtained from Sigma. Secondary antibodies for immunofluorescence were obtained from Jackson ImmunoResearch, Inc.
Cell culture, transfection and immunofluorescence
Cos-7 cells were seeded onto sterile glass coverslips in six well plates (2.5 Â 10 5 cells/well). After 24 h the cells were transfected with 400 ng of vector DNA, using the Effectene w transfection reagent (Qiagen), according to the manufacturer's instructions. Following transfection, cells were incubated for 24 or 48 h in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies) containing 10% fetal bovine serum (FBS) (Labtech International), 100 U/ml penicillin and 100 mg/ml streptomycin (Life Technologies). Undifferentiated PC12 cells were cultured in DMEM containing 10% horse serum (HS), 5% FBS and 1% penicillin and streptomycin (Life Technologies). Cells were seeded at 1 Â 10 5 into six well plates containing glass coverslips precoated with Poly-D-Lysine (Sigma). Undifferentiated cells were then either transiently transfected with Effectene w transfection reagent (Qiagen), according to the manufacturer's instructions for 48 h or transiently transfected followed by differentiation with 50 ng/ml NGF (Sigma) in low serum DMEM containing 1% HS and 0.5% FBS. Differentiated cells were cultured in NGF containing media for at least 48 h after transfection.
Following transfection, cells were washed in PBS (Life Technologies) and fixed with 3.8% paraformaldehyde and 4% sucrose in PBS at room temperature for 15 min. Fixed cells were washed in PBS before being permeabilized in PBS containing 0.1% Triton X-100 (Sigma) or 0.05% saponin (Sigma) at room temperature for 5 min. Permeabilized cells were then washed three times in PBS, incubated for 15 min in a blocking solution (PBS, 10% FBS, +0.05% saponin) and then transferred to blocking solution containing the appropriate epitope-specific antibody at an appropriate dilution. After 60 min incubation, coverslips were washed three times in blocking solution and were then incubated for 60 min in blocking buffer containing the appropriate secondary antibodies, at a concentration of 1/100. Cover slips were then washed three times in PBS and once in distilled H 2 O, after which they were mounted in Vectorshield TM (Vector Laboratories Inc.) medium on a glass slide. Stained samples were analysed on a Nikon Eclipse E800 microscope and Bio-rad microradience confocal analysis equipment. Images were recorded using Lazer-sharp-OS2 software and data were subsequently processed using Adobe Photoshop and Microsoft PowerPoint programmes.
b-Lactamase protein fragment complementation assay b-Lactamase cDNA constructs. The ampicillin resistance gene (bla ) was used as a target to PCR two fragments of b-lactamase, BLF1 (aminoacids 24 -197 ) and BLF2 (aminoacids 198 -288), using forward and reverse primers containing restriction sites PstI and XhoI, respectively. Complementary oligonucleotides containing several unique restriction sites (HindIII, HpaI, PstI and XhoI) and coding in frame for a 15 amino-acid flexible polypeptide linker (GGGGS) 3 were hybridized together and ligated into pcDNA3.1/Zeo(þ) linearized with HindIII and XhoI. BLF1 and BLF2 fragments of b-lactamase were ligated between PstI and XhoI sites downstream and in frame with the (GGGGS) 3 linker to give two separate vectors expressing different fragments of the b-lactamase gene (pcDNA3.1/Zeo(þ)(GGGGS) 3 BLF1 and pcDNA3.1/Zeo(þ)(GGGGS) 3 BLF2). An upstream HpaI site was used to ligate a Gateway reading frame cassette (Rf B). This Gateway reading frame cassette was used to ligate either full-length human CHMP1B or spastin upstream of BLF1 in pcDNA3.1/Zeo(þ)(GGGGS) 3 or BLF2 in pcDNA3.1/Zeo(þ) (GGGGS) 3 . All constructs were verified in frame and confirmed by DNA sequencing.
b-Lactamase protein-assisted complementation colorimetric assay. The assay was based on the previously described method (30, 31) , with minor modifications. HEK293T cells were split 24 h prior to transfection and seeded at 2.5 Â 10 5 in 12 well plates (Nunc TM ) in DMEM containing 10% FBS and 1% penicillin and streptomycin. Cells were transiently transfected with 300 ng of plasmid DNA using Effectenew transfection reagent (Qiagen) according to the manufacturer's instructions. Forty-eight hours after transfection cells were washed twice with PBS and re-suspended in 100 ml of 100 mM phosphate buffer pH 7.4 then lysed by three freeze -thaw cycles by freezing in dry ice/ethanol for 10 min and thawing in a 378C water bath for 10 min. Total cell lysate was then used to test for b-lactamase activity in 96 well plates (Falcon w ). One hundred microlitres of 100 mM phosphate buffer pH 7.4 was added to each well of a 96 well plate to a final concentration of 60 mM containing 20 ml of total cell lysate and 2 ml 10 mM Nitrocefin (Becton Dickinson and Company, Sparks, MD; final concentration 100 mM) and diluted to 200 ml with deionized water. Samples were assayed in triplicate using a Fusion TM Alpha Universal Plate Reader (Perkin Elmer TM Instruments) fitted with a 485 nm (20 nm bandwidth) filter in the absorption mode.
Nitrocefin hydrolysis rates were calculated from plots of the linear range of increasing absorbance monitored over 60 min. Data was normalized against total cell lysate protein content determined by the Bio-Rad Protein assay (Bio-Rad) based on the Bradford method (57).
In vivo b-lactamase fluorescence protein fragment complementation assay. HEK293T cells were split 24 h prior to transfection and seeded at 2.5 Â 10 5 per well in a 2-well glass chamber slide (Nunc w Lab-tech II Chamber Slide System) in DMEM containing 10% FBS and 1% penicillin and streptomycin. Cells were transiently transfected with 300 ng plasmid DNA using Effectene w transfection reagent (Qiagen) according to the manufacturer's instructions. Forty-eight hours later cells were washed once with PBS and resuspended in 750 ml Hank's balanced salt solution (HBSS) (Life Technologies). b-Lactamase activity was then detected using the GeneBLAzer TM detection Kit (Invitrogen) according to the manufacturer's instructions. Following the addition of the fluorogenic cell permeable substrate CCF2/AM, chamber slides were incubated for 1 h protected from light and then visualized for fluorescence. Fluorescence microscopy of live HEK293T cells on glass chamber slides was performed using an Olympus IX81 inverted epi-fluorescence microscope with a 40Â objective (Olympus). Simultaneous acquisition of two-colour fluorescence in real-time was performed using a 400DF15 excitation filter and the Dual View TM imaging system (Optical Insights), containing a filter cube that had 450DF65 and 535DF35 emission filters (OMEGA Optical). Cell^R imaging software (Olympus) was used for analysis of multicolour images. Quantification of b-lactamase activity in vivo was performed by counting the number of blue and green cells in 10 fields of view from each putative proteinprotein interaction pairing.
Co-immunoprecipitation analysis of Spastin CHMP1B interactions
HEK293T cells transfected with spastin -Myc and CHMP1B -GFP alone or co-transfected with spastin-Myc and CHMP1B or spastin -Myc and EGFP-C1 were washed twice with PBS and lysed in 600 ml NP40 detergent buffer containing 1% (v/v) NP-40, 150 mM NaCl, 10 mM Tris -HCl (pH7.5), 0.02% sodium azide, 1 mg/ml BSA and 0.5% protease inhibitor cocktail. An aliquote of 100 ml was removed from a whole cell lysate fraction and the remaining 500 ml centrifuged at 13 000 g for 15 min at 48C. The soluble fraction was then removed and extracts were incubated overnight at 48C with rabbit polyclonal anti-GFP primary antibody (abcam) at a concentration of 1: 250. Fifty microlitres of 50% Protein ASepharose beads was then added and incubated with protein -antibody complexes for 2 h at 48C. Beads were then isolated by brief centrifugation and washed three times in NP-40 buffer containing BSA with a final wash in NP-40 buffer without BSA. Beads were then resuspended in 5Â SDS -PAGE sample buffer and heated for 5 min at 958C. Bound proteins were resolved by SDS -PAGE and immunoblotted with mouse monoclonal anti-Myc clone 4A6 primary antibody at a concentration of 1 : 250 (Upstate).
Subcellular fractionation
Cos-7 cells were split 24 h prior to transfection and seeded at 0.75 Â 10 6 per plate in 10 cm culture dishes. Twenty-four hours later they were transfected using Effectenew transfection reagent (Qiagen). Forty-eight hours after transfection, subcellular fractionation was carried out using a subcellular proteome extraction kit (Calbiochem), according to the manufacturer's protocol for adherent cells. Where some cells became non-adherent during the protocol, the cytosolic, membrane and nuclear fractions were spun at 750 g, 5500 g and 6800 g, respectively, for 10 min at 48C, to remove any contamination from later fractions. Proteins were resolved by SDS -PAGE and immunoblotted with appropriate antibodies.
PCR and sequencing of genomic DNA Ethical approval was granted by the Addenbrooke's NHS Trust Ethical Committee. The coding sequence, with flanking genomic sequence, of CHMP1B's single exon was amplified by PCR and sequenced in two overlapping fragments. PCR and sequencing was carried out as previously described (37) . Primer sequences used to amplify the two CHMP1B fragments from genomic DNA were: F1: GCTCTGACGTCACCACCTG, R1: CGAATTTGTCCATCAAAGCA, F2: AACATGGAAG TTGCGAGGAT, R2: GGTAGAAGGGCATTTCAGCA.
